Abstract. There has been limited application of sapflow technology to small-stemmed species and across co-existing functional types, restricting its use in diverse floras such as the Mediterranean-type shrubland in South Africa. Our main objective was to test whether sapflow may provide an alternative to traditional gas-exchange measurements, which would permit comparative evaluation of transpiration at a previously unattained temporal resolution. We tested miniature external heat ratio method (HRM) sapflow gauges on three co-occurring functional types with contrasting stem or culm anatomies and examined the relationship between sapflow and shoot-and leaf-level water loss in both a controlled and field environment. Our sapflow gauges captured dynamic patterns of transpiration in both settings for all three functional types. In a controlled environment the relationship between sapflow and transpiration was linear in all three species with r 2 values ranging from 0.78 for Cannomois congesta Mast. (Restionaceae) to 0.96 for Protea repens (L.) L. (Proteaceae) and Erica monsoniana L.f. (Ericaceae). In the field, r 2 values were lower, ranging from 0.59 for C. congesta to 0.74 for P. repens. We discuss the efficacy and potential of this methodology to cast light on patterns of community ecology in functionally diverse shrublands by capturing continuous variation in transpiration.
Introduction
Understanding plant response to rapidly changing environmental conditions is critical for exploring community dynamics and assessing the vulnerability of communities to projected climate change (Breshears et al. 2005; McDowell et al. 2008; Hoffman et al. 2009 ). Quantifying plant responses to changing climatic variables requires appropriate measurement tools that can be scaled to the question of interest. Although traditional sapflow methodologies have proven capable of documenting high resolution responses of trees to environmental conditions over extended time periods (Burgess et al. 2000 (Burgess et al. , 2001 , there has been less success in achieving this for small-stemmed species and across co-existing species of varied morphology (e.g. trees, shrubs and graminoids). This has limited the ability to collect the high-temporal resolution data on co-existing species responses to environmental drivers necessary for evaluating the response of complex communities to climate change. This is particularly important for regions supporting exceptionally high levels of species diversity and endemism. Fynbos, the Mediterranean-type flora of South Africa's Cape Floristic Region (CFR), is a prime example of a highly speciose flora with coexisting diverse functional types. Over 8500 species are contained within a region of~90 000 km 2 and it is one of the few global biodiversity hotspots outside the tropics. A large proportion of the exceptional species diversity can be captured by three main functional groups: the proteoid, ericoid and restioid functional types (Cowling et al. 1996; Linder 2003) . Proteoids are typically large, broad-leaved overstorey shrubs. Ericoids are small to medium, fine-leaved sclerophyllous shrubs with thin (<10 mm) stems. The largest genus of this functional type and the largest in the CFR is Erica, which contains over 600 endemic species. The Restionaceae is a family of over 400 reed-like, monocotyledonous species with long photosynthetic culms, typically <5 mm in diameter. Recent work has shown that these functional types have remarkably different hydraulic strategies that significantly impact their abilities to cope with drought and potential climate change (West et al. 2012) . In addition to being an area of exceptional floral diversity, the CFR is also threatened by future climate change (Midgley et al. 2002; Hoffman et al. 2009) . Predictions are that the region will experience more concentrated rainfall events in winter but drier summer periods (Lumsden et al. 2009 ). To better understand the potential impacts of climate change on this diversity, it is imperative to provide more detailed knowledge of plant response to environmental drivers.
Sapflow systems have been widely used to study plant water relations and may prove to be invaluable tools for providing the required detailed physiological knowledge (Ewers and Oren 2000; Zeppel et al. 2008; Steppe 2012a, 2012b) . Sapflow studies afford several advantages over traditional methods of measuring transpiration such as porometric or gravimetric methods. Sensors placed on or in the stem can be used to investigate water movement without disrupting leaf microclimates. Modern datalogging equipment allows sapflow to be assessed at frequent intervals and over long periods. Continuous datasets afford the capacity to significantly enhance our understanding of the dynamics of plant response to rapidly changing environmental factors (Oren et al. 1999; Ewers and Oren 2000) . However, there are several challenges to applying sapflow gauges to coexisting diverse functional types. The majority of sapflow studies have been applied to large woody species (Wullschleger et al. 1998) , due mostly to practical difficulties inherent in working with small stems. Ensuring proper thermal contact between sensors and xylem tissue is difficult and low flow rates (often encountered in small stemmed individuals) makes estimations of sapflow prone to inaccuracies (Marshall 1958) . Monocotyledonous stems or culms provide further and unique challenges. The presence of isolated and irregularly spaced vascular bundles may lead to variation in sap flux between sensors placed in different areas (Madurapperuma et al. 2009 ). If sapflow sensors are placed in close proximity to large conduits it may provide an overestimation of whole-plant sap flux. Alternatively, if sensors are placed in areas with few conduits, convective heat flux must be detected through non-conducting tissue and may result in an underestimate of whole-plant transpiration. Despite this, several studies have shown that current sapflow methods can provide accurate estimates of whole plant transpiration in large-stemmed monocotyledonous species, including moso bamboo (Phyllostachys pubescens Mazel ex J. Houz; Kume et al. 2010) , cocos palms (Syagrus romanzoffiana (Cham.) Glassman; Madurapperuma et al. 2009 ) and corn (Zea mays L.; Cohen and Li 1996) . Since these are all relatively large species, needle probes could be used. However, probes are unsuitable for smaller-stemmed species. To our knowledge, external sapflow sensors have not yet been used on small-stemmed monocotyledonous species. The ability to obtain long-term field measurements of sapflow in small-stature species with highly contrasting stem morphologies would greatly advance our ability to understand the key drivers of plant response.
Significant advances have recently been made in heat-pulse techniques, which allow measurement of low and reverse flow rates in a range of stem sizes (Burgess et al. 2001; Clearwater et al. 2009 ). Burgess et al. (2001) developed the heat ratio method (HRM), which measures the ratio of the increase in temperature, following the release of a discrete pulse of heat, of two equidistant points above and below a heater. This method is able to capture velocities ranging from approximately -54 cm h -1 to 54 cm h -1 (Burgess et al. 2001) , but is limited to larger stems as it requires the insertion of needles into the xylem.
Recently, a modification of the HRM has been developed for small sensors placed on the outside of stems/petioles, which offers the potential of obtaining long-term, accurate measures of sapflow on stems/petioles as small as 2 mm (Clearwater et al. 2009) . Recent work has shown this to work for both leaf petioles and flower pedicles (Roddy and Dawson 2012) . However, it has yet to be shown how well these external-HRM sensors work on plants of highly contrasting wholeplant structure and stem anatomies in a field context. In this study, we addressed several key practical issues that would allow reliable deployment of such sensor systems in our research. Aspects of sensor construction, calibration and function in both a controlled and a field setting were investigated. Our aim was to test whether these sensors would be able to accurately approximate transpiration in diverse coexisting functional types. Specifically, we hypothesised that the external-HRM sensor would be in contact with a sufficiently large area of xylem conducting tissue of a Restionaceae culm to permit measurement of sapflow and that this measure would be directly related to gravimetric transpiration. In addition, we hypothesised that the external-HRM sensor would be sensitive enough to capture low flow rates in small stems of Restionaceae and Ericaceae species as well as potentially high flow rates in large-stemmed proteoids. Finally, we hypothesised that diurnal sapflow would be directly related to environmental drivers of transpiration in the three functional types. We compared estimations of sapflow measured with gauges to gravimetric measures of water loss in a controlled environment. We then compared estimations of sapflow obtained from gauges to measures of gas exchange of plants of three species in situ.
Materials and methods

Gauge design and setup
Sapflow gauges were constructed following the design presented by Clearwater et al. (2009) with slight modifications. Briefly, a rectangular block of nonconductive silicone was used instead of cork to form the backing of the gauge, as this material has similar thermal conductivity and was readily available. The heating element was connected in series with a 120 W resistor to a 12 V battery via the datalogger (CR1000, Campbell Scientific Inc., Logan, UT, USA). The two thermocouples were connected to a multiplexer (AM16/32 relay, Campbell Scientific Inc.), which was connected to the datalogger via thermocouple extension wire (Omega Engineering Inc., Stamford, CT, USA). The datalogger was used to fire a heat pulse of 7 s every 30 min. An average of the thermocouple temperatures was recorded over~5 s immediately before the release of the heat pulse and for the period from 55 to 75 s after the heat pulse. The latter period was chosen because it covered the period of greatest stability in temperature differentials (Clearwater et al. 2009 ) and because earlier measurements are prone to overestimating heat pulse velocity (Burgess et al. 2001) . The average ratio of the temperature differentials was used to calculate heat pulse velocity.
Sapflow theory
Clearwater-type sapflow gauges make use of the heat ratio method (HRM, Burgess et al. 2001) for estimating sap velocity. This method relies upon two thermocouples evenly spaced either side of a heating element along the same axis as the flow of sap (Burgess et al. 2001) . Marshall (1958) showed that for low rates of flow the ratio of the downstream temperature differential, T 1 , to the upstream differential, T 2 , provides an accurate estimation of the heat pulse velocity:
where k is the thermal diffusivity (cm 2 s -1 ) and x is the distance above or below the heating element (cm). When there is no sapflow the logarithm of the ratio of the two temperature differentials is zero. When sapflow occurs, the ratio is less than or greater than 1 and the direction of the flow is indicated by the sign. The thermal diffusivity can be estimated by recording the temperature profile of one of the thermocouples following a heat pulse under conditions of zero flow (Clearwater et al. 2009) . It is proportional to the amount of time it takes for the thermocouple to reach a maximum temperature, t m , after a heat pulse:
For Clearwater-type gauges, k is a property of the gauge material and the properties of the stem it is in contact with. A significant proportion of heat is propagated through the gauge block and k varies little between individuals of a species (Clearwater et al. 2009 ). We estimated k from Eqn 2 by installing gauges on excised stems of our three study species and recording heat pulses with no imposed xylem flow (Table 1) . Thereafter we assumed k was constant for a species and applied it in Eqn 1 for other individuals of the same species. Vandegehuchte and Steppe (2012a) showed recently that thermal diffusivity, k, of woody stems varies throughout a growing season, which effects calculations of v h . An improved estimate of k and how it varies throughout a growing season is desirable and may improve the fit between v h and gravimetric transpiration.
Measured v h provides an underestimation of actual sap velocity, v s , since the heat pulse is propagated by conductive flow through non-hydroactive components of the stem and gauge material as well as by convective flow in the sap. This can be corrected through the use of an empirical multiplier (Cohen and Fuchs 1989) . Traditionally, v has been expressed as the product of the velocity of the heat pulse, v h , and the ratio of lumen area to total sapwood area (Edwards et al. 1997 ). This measure is considered inappropriate for use with external sapflow gauges since the gauge and stem may not be thermally homogenous and because of difficulties in estimating the proportion of the sapwood that is hydroactive (Clearwater et al. 2009 ). The latter is especially true for monocotyledonous culms, where the vascular bundles are irregularly spaced throughout the ground tissue (Fig. 1) . For practical purposes we chose to make use of the slope of the relationship between measured heat pulse velocity, v h , and measured sap velocity, v s , termed m sap : Table 1 . Summary of the parameters used to calculate heat pulse velocity (v h ) and sapflow (v) for the three species used in this study The mean time between the heat pulse and the maximum temperature rise, t m , was used to calculate the thermal diffusivity, k, for each species using Eqn 2. The slope of the relationship between v h and gravimetrically measured sapflow (v s ) under experimentally controlled conditions was taken as m sap for each species (Eqn 3). Numbers in brackets indicate n for each measurement
Erica monsoniana 66 ± 15 (4) 0.0015 ± 0.0001 (2) 4.05 ± 0.73 (3) Protea repens 62 ± 14 (4) 0.0016 ± 0.0000 (2) 3.68 ± 1.57 (3) Cannomois congesta 86 ± 2 (2) 0.0010 (1) 7.81 ± 1.82 (2) 
This coefficient is considered less sensitive to error in small stems than multipliers based on estimations of the effective sapwood area (Clearwater et al. 2009 ). This method requires that instrumented stems be destructively harvested and have a xylem flow imposed through them (Clearwater et al. 2009 ).
Study site and species
Sapflow gauges were tested on three species from three different families located at Jonaskop in the Riviersonderend mountains of the Western Cape. Species were chosen to represent the three main functional types within the CFR and to cover a range of stem morphologies and anatomies (Fig. 1) . Erica monsoniana L.f. (Ericaceae) is a small to medium, fine-leaved shrub with dense stems of up to 10 mm in diameter. Protea repens (L.) L. (Proteaceae) is a large, thick-stemmed, broad-leaved shrub distributed widely in the CFR. Cannomois congesta Mast. (Restionaceae) is a perennial species with a tufted, reed-like growth form, consisting of cylindrical, photosynthetic culms of up to 1 m long and between 1 and 2 mm in diameter. In November 2011, at least 10 individuals from each species were instrumented with sapflow gauges and insulated using expanding polyurethane foam wrapped in reflective roof insulation. The measurement campaign ended when instrumented branches were destructively harvested in July 2012 for zeroing purposes. Due to breakages we were able to obtain continuous data for this period for five P. repens, 6 E. monsoniana and two C. congesta individuals. The installation success rate over the 6 month survey in the field was~40% across all species, but was considerably lower for C. congesta (~20%). Meteorological variables were recorded every 30 min with a CR1000 datalogger at the site from November 2011 until July 2012. Solar radiation was measured using a CS300 pyranometer (Campbell Scientific Inc.). Temperature and humidity were measured using a HMP45C temperature and relative humidity probe (Campbell Scientific Inc.). Wind speed and direction were measured with a CS03001 wind speed and direction sensor (Campbell Scientific Inc.). Vapour pressure deficit (VPD) was calculated using temperature (T in C) and RH values.
Comparison between sapflow measured by gauges and gravimetric method
Cut stems were collected from well hydrated, healthy-looking field grown individuals of the three species and transported to the laboratory in water. Stems were re-cut under water and, without being exposed to air, were then placed in a beaker and sealed to prevent evaporation. A strip of bark was removed from the P. repens and E. monsoniana individuals and the sapflow gauges were placed on the exposed area. Clearwater et al. (2009) showed that the presence or absence of a bark layer affected the multiplier m sap and that values of m sap were closer to 1 when the bark layer was removed. To prevent damage by removing the epidermal or chlorenchyma layers, C. congesta culms were left intact and the gauges were installed directly on to their surface. Sapflow gauges were insulated and the beakers and stems were placed in a controlled growth chamber at the University of Cape Town for several days. Each day the lights were set to gradually switch on from 0600 hours, reach full intensity by 0800 hours and gradually switch off from 2000 until 2100 hours. The temperature was set to change between 15 C and 25 C during dark and light periods respectively. The total weight of the beaker and plant material was recorded every 30 min for several days and from these measures sap velocity in g h -1 , v s , was calculated. Gauges were set to measure velocity of the heat pulse, v h , every 30 min. The slope of the relationship between v and v h was taken as m sap (Eqn 3).
Comparison between sapflow measured by gauges and gas exchange
As an independent test of the external HRM sensors, the relationship between sapflow and gas exchange of field grown plants was investigated at Jonaskop. We reasoned that a qualitative agreement between the leaf-level transpiration (E) and v curves would constitute a validation of our ability to capture fine-scale variations in environmental response with the external HRM. Sapflow gauges were installed on several individuals of the three species (see 'Study site and species') and recorded v h every 30 min. Heat pulse velocities were converted to v using mean m sap values determined for each species (Table 1) . Full diurnal cycles of leaf-level gas exchange were measured in February 2012 using a conifer chamber (Li-Cor 6400-05 conifer chamber; Li-Cor, Lincoln NE, USA) attached to an infrared gas analyser (Li-Cor 6400 IRGA; Li-Cor). Leaf temperature and light intensity were not controlled and tracked ambient conditions and relative humidity inside the chamber was maintained slightly below ambient. E from mature, fully-exposed leaves was measured every 30 min on a single individual of each species. These diurnal traces were then compared with the measure of sapflow obtained from the gauges of individuals of the same species from the same day. There were two potential sources of error in this relationship. First, to avoid interference with our sapflow measurements measures of v h and E were taken on separate individuals. These individuals may have had varying responses, caused by, for example, exposure to slightly different microclimate conditions or phenotypic differences. Second, the measurement areas were different for the two methods. Our measure of sapflow, v s , represented an average sap velocity per stem or culm cross-sectional area. This cross-sectional area supplied sap to a large leaf area for P. repens and E. monsoniana and an entire culm for C. congesta and therefore represented an average measure of flow across a relatively large leaf or culm surface area. In contrast, the gas exchange measurements were taken from <25 cm 2 of leaf area or 5 cm of culm length and therefore represented an average measure of water loss from a comparatively small surface area.
Data analysis
All analyses were conducted and figures made using R (R Development Core Team 2011). Due to the relatively high amount of variation in the instantaneous v h or meteorological measurements, we plotted smoothed lines modelled using the loess curve-smoothing function. This function builds up a smoothed modelled surface by fitting simple non-parametric models to subsets of the continuous explanatory variable (Cleveland and Devlin 1988) . We set the span to 0.2, meaning that each local fit used~20% of the daily data. Total daily sapflow for all three functional groups and total daily solar radiation was calculated by integrating the area under the curves produced from modelled data using the 'integrate' function in R. Daily mean VPD was calculated from half hour values recorded during daylight hours (solar radiation >0.01 kW m -2 ).
Results
There were significant relationships between heat pulse velocity, v h , and sapflow, v s , measured gravimetrically under experimentally controlled conditions for all three species. Although the r 2 values for C. congesta were the lowest recorded (0.78), they were highly significant when compared with a null model (P < 0.0004). The gauges were able to capture rapid, subtle variations in flow for all three functional types (Fig. 2) . Although there was generally little noise in the traces over several days, apparent outliers were occasionally observed during periods of steep temperature gradients. Sapflow traces were most variable during periods when the temperature in the chamber changed from 15 to 25 C or vice versa (see E. monsoniana, Fig. 2b, e) . We suspect that this noise was due to inadequate insulation of the gauges and recommend that special attention be paid to this in future studies. Most of the obviously erroneous datapoints could be removed with a simple algorithm designed to delete points whose absolute value was more than double that of both points immediately adjacent to them. Gravimetric water loss expressed per stem area was between 2.03 and 9.1 times greater than v h for the three species in this study. Although sapflow gauges installed on plants in the field generated more noise compared with those installed on plants in the controlled growth chamber, they were able to capture dynamic patterns of sapflow in the field (Figs 3, 4, 5) . Traces from C. congesta individuals were generally slightly noisier compared with those from E. monsoniana and P. repens individuals. For all three species, sapflow responded most strongly to changes in solar radiation and VPD, exhibiting a positive linear response to both of these variables on most days (Figs 3, 4, 5) . Rapid changes in wind speed caused only slight fluctuations in sapflow in all three species. Variability in total daily sapflow in all three species was caused mostly by fluctuations in total daily solar radiation and mean daily VPD (Fig. 6 ). All three species exhibited an asymptotic relationship between total daily sapflow and mean daily VPD (Fig. 6a, d, g ). Although P. repens displayed the steepest response in the linear portion of the curve (at VPD = 1, m = 66.7), this was similar to that of C. congesta (at VPD = 1, m = 61.9). E. monsoniana displayed the shallowest response to increasing daily mean VPD (at VPD = 1, m = 49.9) and an earlier levelling of sapflow values compared with the other two species. Daily sapflow reached an asymptote in this species from mean daily VPD values below 2 kPa, compared with above 3 kPa for P. repens and C. congesta. None of the species exhibited a clear response to mean daily wind speed (Fig. 6b, e, h ). Daily sapflow in C. congesta was linearly related to solar radiation, whereas that in E. monsoniana and P. repens was asymptotic (Fig. 6c, f, i) .
The relationship between v. and transpiration measured in the field was linear for all three species (Fig. 7 ), yet not as strong as that between v h and v measured gravimetrically in the controlled setting. The strongest relationship between these two measures was for P. repens (r 2 = 0.74, P < 0.004), whereas the weakest was for C. congesta (r 2 = 0.59, P < 0.004). We considered reasonably strong linear relationships, together with the qualitative agreements in the shapes of the diurnal curves (Fig. 7) , as support for the efficacy of our sapflow ).
gauges at detecting rapid variations in transpiration in response to environmental drivers.
Discussion
External HRM-type sapflow sensors were able to capture the dynamics of water movement in diverse, co-existing functional types with contrasting stem morphologies in both controlled environments and in a field setting. To the best of our knowledge, this study is the first attempt at applying external-HRM sapflow gauges to diverse functional types, including monocotyledonous individuals with culms of diameter <5 mm. Our data confirmed our first hypothesis that external HRM sensors would be able to contact a sufficiently large area of xylem conducting tissue of a restioid culm to permit measurement of v h . We observed highly significant r 2 values for the relationship between v h and v in a controlled setting for C. congesta. This indicates that, once contact is established in C. congesta, it provides a signal comparable to those obtained for P. repens and E. monsoniana. Although m sap values were highest for C. congesta, the standard error was comparable to that in E. monsoniana and lower than that observed in P. repens. This suggests that although the heat pulse was dissipated in the nonhydroactive tissues to a greater extent, the sensors were in contact with a sufficiently large surface area to integrate across several vascular bundles and provide reasonably consistent multiplier values. Our success rate in capturing in situ sapflow in C. congesta over a 6 month period was lower compared with the P. repens and E. monsoniana. Small-stemmed restioids (and other nonwoody monocotyledonous species) present two major challenges in a field setting which reduce the likelihood of successful gauge installation. First, the small diameters of restioid culms increase the difficulty of ensuring contact between the gauges and an adequate amount of vascular tissue. To obtain commensurate sample sizes for different functional types will require installation of additional gauges in restioids. Second, since the culm is photosynthetic in restioids, any surface area that is covered by insulation material (necessary to reduce thermal noise in the measurement) reduces the surface area for gaseous exchange and thus transpiration from that culm. Therefore, for restioids, a trade off exists between the amount of noise the gauges capture and the magnitude of v h . Consequently, in our study the degree of gauge insulation was generally lower for C. congesta compared with the woody stemmed P. repens and E. monsoniana, which explains why the traces for this species were slightly noisier. Future studies with small-stemmed monocotyledonous species will need to incorporate these issues into their sampling design. A final measure of the suitability of the external HRM gauges to capture v h in restioids was the linear relationship between v and E, measured by gas exchange, for C. congesta. Considering the potential sources of error for the sapflow-gas exchange comparison, the two measures approximated each other remarkably well. However, there was more noise in the relationship between v and E in C. congesta compared with the other two species. Although this could be related to slightly noisier sapflow traces observed in this species, an equally likely explanation is that it was due to greater error in the measurement of E. E may have been more variable in C. congesta compared with P. repens and E. monsoniana due to the smaller culm surface areas (AE3 cm 2 for C. congesta, AE 25 cm 2 for P. repens and AE 14 cm 2 for E. monsoniana) from which E was measured. Measuring gas exchange at low rates (i.e. on small leaf areas) has the potential to magnify small inherent variations between sample and reference IRGA cells, resulting in increased noise and possible offsets from zero (Wang et al. 2012) . This may also partly explain the slight positive intercept observed in the relationship between v and E (Fig. 7d) .
Our second hypothesis, that external HRM sensors were sensitive enough to capture low flow rates in small-stemmed restioids and ericoids as well as high flow rates in proteoids, was well supported by our data. For all functional types the sensors generally performed well in a controlled setting, with neither large noise nor any obviously aberrant data points. Furthermore, the relationship between v and v h was approximately linear for all values of v h for all three functional types. Exceptions occurred in certain individuals during periods with rapid and steep changes in temperature (e.g. Fig. 2b ), most likely caused by insufficient thermal insulation of the gauges and resultant variability in raw temperature readings. Alternative explanations for these data are that they were produced by lower ranges of observed heat ratio values caused by low flow rates or the decoupling of sapflow and transpiration caused by stem capacitance. Theoretically, heat ratio values could be more sensitive to slight deviations in the signal caused by external thermal gradients at low velocity ranges. Also, if stem capacitance is high there will be a lag in the response time of v compared with E. We feel these are unlikely explanations for our aberrant data since these trends were absent in other individuals of the same species. Variation in m sap values between individuals of the same species was highest in P. repens. Since heat pulse measurements rely on thermal equilibrium being established between stationary sapwood and moving sap, under conditions of high flow rates the relationship between v h and v may be skewed. However, we found no evidence of this in P. repens nor any of the other species in our investigation, as the relationship between v and v h remained linear for the entire range of observed values. Although considerable care was taken to minimise variation in contact between the stem and the conductive tissue, theoretically this could have influenced m sap between individuals. Our findings highlight that it will be important for future studies to describe intraand inter-specific variation in m sap , particularly if accurate quantitative measures of v are desired. The potential of the gauges to provide near-continuous quantitative data from a field setting was further validated by the linear relationship for all three species between sapflow and transpiration measured by gas exchange (Fig. 7) .
Finally, external HRM gauges captured the response of sapflow to environmental drivers of transpiration in all three functional types, providing strong support for our third hypothesis. The gauges showed that variation in diurnal sapflow is determined mainly by changes in VPD and solar radiation in these three functional types (Figs 3, 4, 5) . Such data will permit the comparative evaluation of environmental drivers of transpiration for coexisting functional types at a previously unattained temporal resolution in the Cape Floristic Region (see West et al. 2012) . Over longer periods, the relationship between total daily sapflow and environmental variables will permit the evaluation of major seasonal drivers of plant response. For example, E. monsoniana individuals showed greater limitation of v at high VPD and solar radiation compared with P. repens and C. congesta (Fig. 6) , suggestive of greater drought-induced reductions in transpiration in this species. The ability to provide near-continuous, concurrent measurements of water movement for numerous species in response to environmental variability in the field without disturbing the leaf micro-environment presents a considerable advancement over traditional gas-exchange measurements.
Detailed physiological datasets, such as those shown in this study, are important for understanding the drivers of plant response in a complex flora and for answering fundamental questions in community ecology. Continuous datasets will enable the detection of the dependence of species on varying or transient water sources (e.g. deep versus shallow soil moisture, summer vs winter rainfall or cloud moisture). This is particularly relevant in highly pulsed environments, such as the CFR, where periodic campaign measurements might inadequately capture response to potentially important ephemeral events, such as small summer rain events, cloud events (Marloth 1903 (Marloth , 1905 Nagel 1956 ) or hot, dry winds. Importantly, higher temporal resolution of the dynamics of plant water relations will allow further separation of coexisting species into hydraulic niche space (Araya et al. 2011) . This knowledge combined with other physiological measures and experimental manipulations would greatly assist predictions for how complex communities are likely to respond to future climate change. For instance, continuous sapflow data coupled with plant water potential may prove invaluable in evaluating the hydraulic strategy of a species (McDowell et al. 2008; West et al. 2012) . This information about the response to temporally variable atmospheric or soil drought, coupled with simulated drought or irrigation experiments exposing plants to conditions outside their current niches, would greatly inform predictions about a community's response to future climate change.
